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INTRODUCTION 
For many components and structures there is still the need to 
develop new ultrasonic non-destructive techniques, which enable 
both defect detection and quantitative characterisation of the 
defects in the material. 
Many of the existing ultrasonic techniques utilise only part 
of the available information in the complete wave field, and 
result in only qualitative characterisations. 
In this paper a family of multi-transducer techniques is 
introduced which provide quantitative crack characterisations 
(Bond, Punjani and Cargill, 1982). These techniques are aptly 
called the Travel Time Mode-Conversion (TTMC) as they relate 
crack characterisation to relative time-of-flight information of 
the reflected, diffracted and mode-converted elastic waves. 
The wave propagation system is analysed for the two 
dimensional problem in isotropic media, and the fundamental 
expressions which represent the TTMC technique are derived. It 
is shown that the method is independent of both the distance 
between the transducers, and the angle of incidence. 
Some results are presented for the cases of both fatigue cracks 
and slots in thick steel plates. 
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BASIC TECHNIQUE 
The multi-transducer configuration relative to the surface-
breaking crack is illustrated in Figure 1. A process of scanning 
the tip and root of the crack determines the relative position of 
the transducers. In these optimum positions it is assumed that 
the transmitted beam from each transducer encompasses the crack. 
In addition, scattered waves are assumed to be received at the 
aperture of each transducer. The phase and amplitude of these 
wavefields is observed as a physical integration of all the 
wavefronts across the surface of each receiver. 
Various permutations of normal and oblique incidence 
transducers for both compressional and shear waves are utilised 
to form the multi-transducer configuration. 
If d/A» 1 where d is the physical crack depth, and A the 
wavelength of the emitted pulse, these impulses are termed 'high 
frequency' . 
In addition, if h represents a typical distance from a 
transducer to the root of the crack and d/h « 1, the high 
frequency impulses are said to interact with the crack in the 
I farfield. I 
It is assumed that the media containing the crack are 
isotropic to a first approximation. 
Figure 1. Location of the transducer configuration relative 
to the surface-breaking crack 
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Figure Z. The geometries of the surface-breaking crack relative 
to the multitransducer configuration, and two typical 
acoustic paths;-- Acoustic path S1'+ Pr+ SZ, -----
Acoustic path Sl+ PZ+ SZ' and 'd' is the crack depth. 
TIME DOMAIN ANALYSIS 
The configuration shown as Figure 1 is developed in Figure Z, 
in order to highlight the relative geometries, to show typical 
acoustic paths, and to illustrate the Time Domain Analysis. 
The three sources are denoted by Si (i = 1,Z,3) and the three 
extremities of the surface-breaking crack by Pj (j = l,Z,3). The 
travel times (Tij) from sources (Si) to extrem~ties (Pj) can be 
accounted for by using the following notation. 
S. ___ P. : T .. (1) 
~ J ~J 
As an example, the time from S1 to Pz can be described by 
Sl +PZ: TIZ' It is assumed that the wave travel time from Pz 
to Sl is equal to the time from Sl to PZ, that is, T12. This 
reciprocal assumption is made for all permutations. It is clear 
from Figure Z that (1) is not physically valid for the cases 
Sl -I> P3 and S3 -I> PZ' 
Secondary effects such as backwall reflection, surface waves, 
head waves etc are omitted from the basic Time Domain Analysis, 
as they are beyond the scope of this paper. 
The relevant permutations of complete acoustic paths are 
considered and the total travel times received at Sl' Sz and 
S3 are given here. 
(2) 
300 L.J. BOND AND M. PUNJANI 
Sl + PI + S2 Tll + T21 (3) 
Sl +p I 
+S 
3 Tll + T31 
(4) 
Sl +p 2 
+S 
I 2T12 
(5) 
Sl + P2 + S2 Tl2 + T22 (6) 
S3 + PI + Sl T31 +Tll (7) 
S3 + PI + S2 T31 + T21 (8) 
S3 +p I 
+S 
3 2T31 
(9) 
S3 + P3 + S2 T33+T23 (10) 
S3 + P3 + S3 2T33 (11) 
The expressions (2),(5),(9) and (11) represent reflected wave 
total travel times, whole the remaining represent diffracted 
wave total travel times. The time information received at Sl 
.for example is a combination of equations (2), (5) and (7). 
A signal processing technique which isolates these individual 
total travel times can therefore be used. Similar signal 
processing techniques are necessary to isolate the information 
received at S2 and S3. 
The diameter of the transducer (b) is 'large' compared with 
the crack width (w) at the root. If the velocity of the impulse 
received at S2 is V, the farfield approximation used here and 
the fact that b»w, justifies the assumption that S2 receives 
plane waves from the extremities of the crack. With this 
approximation in mind the following equation is valid 
2d 
V 
where the time interval (d/V) is expressed in terms of 
(12) 
'relative' time-of-flights. To establish these 'relative' 
time-of-flights in terms of the total travel time information 
received at St. S2 and S3 the following methods are proposed. 
(a) Root reflections and tip reflections 
The information received at S2 is combined with purely root 
and tip reflected travel times. The first 'relative' time-of-
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flight in (12) ia established by looking at the total travel time 
of the acoustic paths Sl -+ PI -+ S2 (3) and Sl -+ P2 -+ S2 (6) 
(see Figure 2). The times for the acoustic paths Sl -+ PI and 
Sl -+ P2 are obtained by halving the reflected total travel times 
given in (2) and (5) respectively. Hence 
(6) - ! (5) (l3) 
(3) - ! (2) (14) 
are used to establish the 'relative' time-of-flight T22 - T2l 
A similar treatment is used for the second 'relative' 
time-of-flight in (12), using root and tip reflections from S3; 
(10) - ~ (11) (15) 
(8) -! (9) (16) 
Using (13), (14), (15) and (16) the time interval (d/V) and 
hence the crack depth (d) are found. 
This method is particularly useful when tip reflection 
information is intense. 
(B) Root reflections and tip diffraction 
Tip diffraction can be used in conjunction with 
to establish the 'relative' time-of-flights in (12). 
another expression is required for T21 • 
Consider the acoustic paths (Sl -+ Pl -+ S2) (3), (S3 -+ PI -+ S2) (8) and (Sl -+ PI -+ S3) (4). Clearly 
2T21 = (3) + (8) - (4) 
(13) and (15) 
To do this 
(17) 
Hence, (17) is in terms of travel time information received 
at S2 and tip diffraction. 
This method is useful both as a check on (a), and when tip 
diffraction information is intense. 
The relative time-of-flights can be conveniently expressed 
in terms of other relative time-of-flights. Subtracting (14) 
from (13) introduces the relative time-of-flights (6) .. (3) and 
(5) - (2). Other relative time-of-flights are effectively 
introduced when constructing T23 - T21 . 
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EXPERIMENT 
The configuration of the multi-transducer system is 
illustrated in Figure 1. One combination of the system is to use 
two oblique transducers which act as shear vertical (SV) wave 
transmitter-receivers, and a normal incidence compression (C) 
wave receiver. This choice of the SV wave transmitter-receivers 
increases the high frequency resolution of the surface-breaking 
crack by the ratio of the compressional to shear wavelengths. 
A C wave receiver was chosen to avoid problems associated with 
transducer coupling and shear horizontal birefringence which are 
normally dominant in shear horizontal transducers. 
Theexoerimental arran~ement consisted of the three transducer 
configuration placed on the free surface using a specially 
constructed transducer holder. The resonance frequency of these 
ultrasonic transducers was in the region of 5MHz. 
The surface-breaking cracks considered were fatigue cracks. 
These ranged from 2 - 10 mm and were generated in ferritic steel 
specimens (plate dpeth 38mm) with three point loading. 
The time domain data generated from the response of each fatigue 
crack was captured using a microcomputer system. Using this 
capture system it was possible to identify the wave types from 
arrival times. 
RESULTS 
The comparison between time domain signatures of a typical 
real surface-breaking crack and a slot are presented in Figures 
3a to 3d. The relevant wave-trains are indicated by capital 
letters. 'It is convenient from these signatures to construct 
relative time-of-flights. 
In Figure 3a, A represents Sl + PI + Sl' while B represents 
Sl + P2 + Sl and the relative time-of-flight needed here 
corresponds to (5) - (2). Similarly, in Figure 3c, C represents 
Sl + PI + S2 and D represents 
Sl + P2 + S2' The required relative time-of-flight here is (6) 
- (3). These two relative time-of-flights are used to obtain 
the term (T22 - T2l ) in (12). 
Similarly, other two time domain signatures are necessary 
to obtain (T23 - T2l). 
It is clear from the equations (13) to (17) that the 
relative time-of-flights required to construct (12) imply which 
time domain signatures should be analysed. 
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Fig. 3 : Comparison of time domain signatures between a typical 
crack and a slot; (a) and (c) 6nnn crack, (b) and 
(d) 6nnn slot. 
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The relationships of the processed relative time-of-flight 
information and the normalised ratio of the crack depth to the 
incident wavelength t is presented in Figures 4a t 4b. The 
relative time-of-flight information is identified as follows. 
F 2(T12 - Tn) 
G (T12 + T22) - (TIl + T2l ) 
H 2(T12) - (Tn +T3l ) 
I 2(T33 - T3l) 
J (T33 + T23 ) - (T3l + T2l ) 
Reference to equations (2) to (11) give the corresponding 
acoustic paths. The graphs of Figures 4a and 4b suggest a linear 
relationship is appropriate. The comparison of the ultrasonic 
measured crack depth and the optically observed crack depth is 
presented in Figures Sa and Sb. The depths measured in Figure 
Sa were evaluated using the equations for root and tip reflection 
while Figure Sb used root reflection and tip diffraction. 
NUMERICAL MODEL STUDIES 
The problem of the interaction of pulsed elastic waves with 
crack like features is in many cases analytically intractable. 
In this investigation, numerical modelling techniques based on 
finite difference schemes were constructed. These are used to 
describe wavefields arising from various slot-wave interactions. 
These interactions t can to a first approximation t be considered 
to involve semi-infinite line sources of both shear and compression 
waves. 
The above models were originally developed and reported by Ilan, 
Bond and Spivack (1979) and Ilan and Bond (1981), who considered 
relatively wide shallow slots. They have since been extended 
to include the use of limited extent pulses, and applied to thin 
deep slots (Punjani and Bond, 1983) 
A complete description of these model studies is beyond the scope 
of this present paper. However, this subject t together with 
other computer modelling techniques, has recently been reviewed 
(Bond, 1983). 
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Fig. 4: Relative time-of-flight, with the normalized ratio of the 
crack depth to the incident wavelength. (a) source Sl 
(b) source S3' 
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Fig. 5: The comparison between the ultrasonic measured crack depth 
and the optically measured crack depth. (a) Evaluated with 
root and tip reflection expressions. (b) Evaluated with 
root reflection and tip diffraction. 
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CONCLUSION 
A new family of ultrasonic multi-transducer non-destructive 
techniques has been presented and shown to be capable of 
quantitatively characterising real fatigue cracks. The TTMC 
technique, based on the relative timeo-of-flight information of 
the reflected, diffracted and mode-converted elastic waves, is 
independent of both the distance between the transducers and the 
angle of incidence. The application of this scanning method is 
useful for analysing structural integrity. 
The TTMC technique can be extended to three dimensional 
surface-breaking cracks and sub~surface cracks or voids. This 
can be achieved by rotating the system through 360 degrees to 
obtain a more complete description of the flaw. 
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DISCUSSION 
B.R. Tittmann (Rockwell International Science Center): Did you see 
any limitation to the crack tip, the smallest crack tip meas-
able? Another question: Can you easily take into account 
anistropy in the media when texture is present? 
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L.J. Bond: We haven't attempted to include any formal anisotropy 
for these measurements. These measurements were all made at 5 
megahertz for this pulse length. With these ordinary commercial 
transducers, not optimized pure pulse transducers, you could 
still get time resolution at about a millimeter and a half 
depth. Below that, the information should be there and you go 
to spectroscopy. So you probably could go down as low as you 
can go in ordinary spectroscopy, but in this particular case, 
we have only been interested in defects between one millimeter 
upwards, so they have been quite large defects. 
M.J. Buckley (Rockwell International Science Center): Leonard, do 
you ever have trouble in identifying which time responses 
correspond to which reflections? Does that ever become a 
confusing issue? 
L.J. Bond: In the real cracks in some orientations, yes. This is 
why we say we go to a probabilistic approach. This is the 
advantage of having a multi-transducer combination in that 
you are getting out more information. In the first case I 
showed, a tip reflection, it was very small but with a good 
signal-to-noise. 
